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SELF ASSEMBLED THREE-DIMENSIONAL PHOTONIC 

CRYSTAL 

BACKGROUND OF THE INVENTION 
The present invention relates to photonic 
5 crystals and methods of making photonic crystals. 
More specifically, the present invention relates to 
self assembled photonic crystals having opal 
structures . 

Photonic crystals with a photonic bandgap 

10 are expected to be used in the variety of 
applications including optical filters, sharp bending 
light guides, and very low threshold lasers, and have 
been investigated widely. Of special interest are 
three-dimensional photonic crystals, which may have 

15 lower loss than two-dimensional photonic crystals of 
the slab type (see S. Noda, K. Tomoda, N. Yamanoto, 
A. Chutinan, "Full three-dimensional photonic bandgap 
crystals at near-infrared wavelengths", Science, vol. 
289, pp. 604-606, Jul., 2000). In general, the 

20 fabrication processes of photonic crystals require 
the use of complicated and expensive semiconductor 
nanof abrication techniques. An alternative 

fabrication method for photonic crystals takes the 
form of self assembled crystalline structures using 

25 colloidal spheres (see, Y.A. Vlasov, X.-Z. Bo, J.C. 
Sturm, D.J. Norris, "On-chip natural assembly of 
silicon photonic bandgap crystals'', Nature, vol. 414, 
pp. 289-293, Nov., 2001). The crystalline structure 
opal has a hexagonal closed-packed or face centered 
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cubic lattice. The opal is removed after infiltration 
with high refractive index material to obtain the 
inverse opal, which has a complete three-dimensional 
photonic bandgap. Inverse opals with a defect can be 
5 expected to produce highly efficient filters and low 
threshold lasers. Therefore, high quality 
crystalline opals are required to make the inverse 
opals. For high quality crystalline opals, first, 
silica spheres should have a required diameter with 

10 narrow size distribution, which determines the 
wavelength of the photonic bandgap (or the maximum 
reflectance peak on the optical spectrum) . Second, 
during the formation process, aggregation and 
adhesions between spheres, which results in 

15 "doublets" must be avoided. Such formations result in 
structural defects and dislocations in the final 
crystal . 

SUMMARY OF THE INVENTION 
An optical inverse opal structure is 

20 provided including a method of obtaining single 
spheres for use in making self assembled opal 
structures. In the method, a plurality of spherical 
particles are placed in a centrifuge and single 
spheres are separated from doublets using a relative 

25 difference to sedimentation velocity in response to 
centrifugal force. Structures with buried waveguides 
are also provided including fabrication techniques. 
In one method, a substrate is drawn at a declination 
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through a meniscus containing suspended spheres to 
provide a substantial uniform crystal deposition. 
BRIEF DESCRIPTION OF THE DRAWINGS 
Figure 1 is a graph of diameter of silica 
5 spheres in nanometers in standard deviation and 
percentage versus a number of TEOS additions showing 
measured average diameters, calculated diameters and 
measured standard deviations. 

Figure 2 is a top plan view showing an SEM 
10 (Scanning Electron Microscope) image of silica 
spheres in a colloidal suspension before a slow 
agitation reaction and a centrif ugation collection. 

Figure 3 is a top plan view showing an SEM 
(Scanning Electron Microscope) image of silica 
15 spheres in a colloidal suspension after a slow 
agitation reaction and a centrif ugation collection. 

Figure 4 is an SEM image of a top view of a 
crystalline opal structure with a hexagonal close- 
packed lattice. 
20 Figure 5 is a cross-sectional SEM image of 

a sample having six layers of spheres. 

Figure 6 is a cross-sectional SEM image of 
a sample having thirteen layers of spheres. 

Figure 7 is a graph of wavelength of 
25 maximum reflectance versus incident angle. 

Figure 8 is a graph of reflectance versus 
wavelength. 

Figure 9 is a graph of reflectance versus 
wavelength. 
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Figure 10A is a cross-sectional diagram of 
a buried waveguide in an opal structure. 

Figure 10B is a cross-sectional diagram of 
a buried waveguide in an inverse opal structure. 
5 Figure 11 is a side plan view of a 

substrate carrying an optical guide supported on 
either a rib or pillar structure. 

Figure 12 is a cross-sectional SEM image of 
a silicon nitride waveguide supported on a silica rib 
10 buried in a colloidal opal. A portion of the 
waveguide is unsupported and is not shown in Figure 
12. 

Figure 13A is a side plan view of a 
substrate carrying an opal structure. 
15 Figure 13B is a side plan view of the 

structure of Figure 13A following filling of the* opal 
structure . 

Figure 13C is a side plan view of the 
structure of Figure 13B following deposition of a 
20 waveguide. 

Figure 13D is a side plan view of the 
structure of Figure 13C following deposition of a 
second opal structure and filling of the opal 
structure . 

25 Figure 13E is a side plan view of the 

structure of Figure 13D following removal of silica 
spheres leaving an inverse opal structure with buried 
waveguide. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
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"Photonic Band Gap' 7 (PBG) materials are 
periodic structures that have pass and stop-bands for 
the transmission of electromagnetic radiation in 
specific wavelength bands. Periodic structures have 
5 taken the form of air holes in a semiconductor 
material as originally conceived (see, E. 
Yablonovich, Inhibited spontaneous emission in solid 
state physics and electronics, Phys. Rev. Lett., Vol. 
58, pp. 2059-2062, 1987). More recently, periodic 

10 structures have taken the form of air holes in 
semiconductors films (see, O. Painter, J. Vuckovic, 
A. Yariv, A. Scherer, J. D. O'Brien, P. D. Dapkus, 
Two dimensional photonic band gap defect mode laser, 
Science, Vol. 284, pp. 1819-1824, 1999) in two 

15 dimensions, air holes in dielectric material (see, E. 
R. Brown, 0. B. McMahon, High zenithal directivity 
from a dipole antenna on a photonic crystal, Appl. 
Phys. Lett., vol. 68, pp. 1300-1302, 1996), metal 
rods stacked periodically (see, B. Temelkuran, M. 

20 Bayindir, E. Ozbay, R. Biswas, M. M. Sigalas, G. 
Tuttle, K. M- Ho, Photonic crystal-based resonant 
antenna with a very high directivity, J. Appl. Phys., 
Vol. 87, pp. 603-605, 2000), Silicon and tungsten 
rods stacked periodically (see, J. G. Fleming, S-Y. 

25 Lin, Three dimensional photonic crystal with a stop- 
band from 1.35 to 1.95pm, Optics Lett., vol. 24, pp. 
49-51, 1999), and a host of other approaches. (See, 
Special Section on Electromagnetic Crystal 
Structures, Design, Synthesis, and Applications, 



Journal of Lightwave Technology, Vol. 17, pp. 1931- 
2207, 1999, Special issue of Advance Materials, Vol. 
13, no 6, 2001 and Special Feature Section on 
Photonic Crystal Structures and applications, IEEE J. 
5 Quantum Electronics, Vol 38, July 2002. dimensional 
photonic) . Light emission from these materials has 
also been discussed from doped opals, optically 
pumped semiconductor slab resonators, and other 
material systems. 

10 With the present invention, self assembled 

colloidal opal and inverse opal photonic band gap 
structures are provided. The invention further 
includes opal and inverse opal structures with a 
waveguide defect carried therein. When monodispersed 

15 spheres are allowed to settle, they form face 
centered cubic (fee) or • "opal" structures, and may 
also settle into the hexagonal close packed form, 
although this is not the lowest energy structure. It 
has been suggested in several papers (see, Special 

20 issue of Advance Materials, Vol. 13, no 6, 2001 and 
S. John, K. Busch, Photonic bandgap formation and 
tenability in certain self organizing systems, 
Journal of Lightwave Technology, vol. 17, pp. 1931- 
1943, 1999) that this colloidal crystal or opal has 

25 much too high a filling factor, and therefore only 
has a pseudo stop-band. A pseudo-stop-band is one in 
which the frequency is not completely blocked, but 
attenuated to some value which is typically by about 
an order of magnitude. The inverse opal is a 



-7- 

structure in which the opal acts as a template and 
the space between the spheres is filled with a 
suitable dielectric, and the spheres extracted. See, 
for example Special Section on Electromagnetic 
5 Crystal Structures, Design, Synthesis, and 
Applications, Journal of Lightwave Technology, Vol. 
17, pp. 1931-2207, 1999 and Special issue of Advance 
Materials, Vol. 13, no 6, 2001), and more recently, 
E. Palacios-Lidon, A. Blanco, M. Ibisate, F. 

10 Meseguer, C. Lopez, J. Sanchez-Dehesa, Optical study 
of the full photonic bandgap in silicon inverse 
opals, Appl. Phys. Lett., Vol. 81, no. 21, pp. 4925- 
4927, 2002. These references show that inverse opal 
have definite stop-bands. 

15 A "defect" in any type of well defined PBG 

•structure becomes a cavity at the appropriate stop- 
band, and should have an extremely high quality 
factor (Q) . Thus, any radiation in -this cavity at the 
appropriate stop-band frequency remains trapped and 

20 unable to escape, unless additional defects provide a 
path for this to occur. For optical wavelength 
cavities, the creation of the defects in two 
dimensional structures is much simpler than in self 
assembled three dimensional structures. While a large 

25 number of these self assembled PBGs have been 
fabricated, the deliberate placing of defects to 
create cavities with high Qs, and the placement of 
additional defects to allow trapped radiation to 
escape has been extremely difficult to achieve. 
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The present invention provides a novel 
technique of creating a defect in the form of a 
waveguide within a self organized PBG. A silica- 
sphere self assembled PBG is created from a colloidal 
5 suspension of spheres which settle to form an opal, 
in the face centered cubic (fee) form. However, 
because of the periodicity of the spheres, the 
structure becomes a photonic band gap structure. As 
discussed above, the colloidal crystals with spheres, 

10 "opals", only provides pseudo-stop and pseudo-pass 
band structures, and the inverted opals, with 
air/void spheres interconnected with material of a 
suitably high index show definite pass and stop- 
bands, and hence the great interest in these inverse 

15 opal structures. For these inverted opals, colloidal 
crystals- are formed by packing uniform spheres into 
3D arrays, typically face centered cubic (fee) or 
hexagonal close packed structures. The interstitial 
space between spheres can be filled by a fluid, such 

20 as a liquid metal alkoxide (see, B. T. Holland, C. F. 
Blanford, A. Stein, Synthesis of Highly Ordered 
Three-Dimensional Mineral Honeycombs with Macropores, 
Science, Vol. 281, pp. 538-540, 1998), or a salt 
solution (see, H. Yan, C. F. Blandford, B. T. 

25 Holland, W. H. Smyrl, A. Stein, General Synthesis of 
Periodic Macro-porous Solids by Templated Salt 
Precipitation and Chemical Conversion, Chem. Mater., 
Vol.12, pp. 1134-1141, 2000) or other material (see, 
J. E. G. J. Wijnhoven, W. L. Vos, Preparation of 
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photonic crystals made of air spheres in Titania, 
Science, Vol. 281, pp. 802-804, 1998). The fluid is 

i subsequently converted into a solid skeleton by sol- 

gel reactions or precipitation processes. 
5 Alternatively, the interstitial spaces are filled 
with a semiconductor such as Silicon using low 
pressure CVD (see, D. J. Norris, Y. A. Vlasov, 
Chemical Approaches to Three-Dimensional 

Semiconductor Photonic Crystals, Advanced Materials, 
10 Vol. 13, Issue 6, pp. 371-376, 2001) or other 

, process. In a final step, the spheres are removed by 

extraction or dissolution, for example by applying an 
acid, and the result is a matrix of air holes in a 
chosen material, a structure useful for PBGs. If the 
15 refractive index of the skeleton is high, one obtains 
a stop-band. A fee 3D structure requires refractive* 
index of greater than 2.8 for the walls with air 
voids to obtain a complete stop-band, and also needs 
to have a low defect crystal structure (see, F. J. P. 
20 Schuurmans, D. Vanmaekelbergh, J. van de Lagemaat, A. 
Lagendijk, Strongly Photonic Macroporous Gallium 
Phosphide Networks." Science Vol. 284, pp. 141-143, 
1999) . However, a problem with these structures for 
device applications is that these fills are generally 
25 polycrystalline and result in significant scattering 
of light. 

In one aspect of the present invention, a 
new technique is provided for obtaining single 
spherical particles for use in making opal 
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structures. In one aspect, a seeding technique is 
used to synthesize silica spheres of about 710 nm 
diameters with a pseudo-stop-band at 1550 nm 
wavelength (see, G.H. Bogush, M. A. Tracy, C.F. 
5 Zukoski IV, "Preparation of monodisperse silica 
particles: Control of size and mass fraction' 7 , J. 
Non-Crystalline Solids, vol. 104, pp. 95-106, 1988 
and S.L. Chen, P. Dong, G.-H. Yang, J. -J. Yang, 
"Characteristic aspects of formation of new particles 
n 10 during the growth of monosize silica seeds", Journal 
of Colloid and Interface Science, vol. 180, pp. 237- 
241, 1996) . First, seeds are synthesized by the 
modified Stober method (see, W. Stober, A. Fink, E. 
Bohn, "Controlled growth of monodisperse silica 

15 spheres in the micron size range", J. Colloid and 
Interf. Sci., vol. 26, • pp. 62-69, 1968 and D.W. 
McComb, B.M. Treble, C.J. Smith, R.M. De La Rue and 
N. P. Johnson, "Synthesis and characterization of 
photonic crystals", J. Mater. Chem. , vol. 11, pp. 

20 142-148, 2001), using hydrolysis and condensation of 
tetraethylorthosilicate (TEOS, 0.2 M) and water (6.0 
M) catalyzed by ammonia (1.8M) in ethanol solutions 
under constant agitation with magnetic stirrer and 
reaction temperature (20.0 ± 0.2°C). After preparing 

25 the seeds, TEOS additions with initial amount (0.2 M) 
are repeated under the same reaction conditions and 
constant intervals (4 hrs) . The number of TEOS 
additions (k) can be selected based upon by the 
required final silica sphere diameter (D f ) and the 



measured diameter of seeds (D s = 375 nm ± 2.8 %), form 
the equation: 



D f =lJ(l + k)xD 3 s EQ. 1 

Figure 1 is a graph of the diameter of 
silica spheres in nanometers and standard deviation 
in percentage versus the number of TEOS additions. 
The spheres were formed using a slow agitation 
reaction and collection using a centrifuge. D s is 
375nm plus/minus 2.8%, D f is 711nm plus/minus 1.3% 
measured across 100 spheres using SEM images. As 
illustrated by Figure 1, the average diameter of 
silica spheres measured by the scanning electron 
microscope in good agreement with the calculated 
diameters as a function of TEOS additions using 
Equation 1. Figure 2 is an SEM image of silica 
spheres in colloidal suspension before a slow 
agitation reaction and a centrif ugation collection 
and Figure 3 is an SEM image after slow agitation 
reaction and centrif ugation collection. As 
illustrated in Figure 2A, a number of spheres are 
aggregated or adhered (8.8%). However, after slow 
agitation and centrif ugation collection (Fig.. 3), 
only 0.3% of the spheres are aggregated or adhered. 

In one aspect, the present invention 
provides a technique for harvesting single spheres. 
Two effective methods are used to prepare high 
quality silica spheres with reduced aggregation and 
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adhesion. These methods are slow agitation and 
collection of single spheres with a centrifuge. The 
slow agitation technique results in a lower 
probability of collisions between silica spheres. 
5 This yields a colloidal suspension having adhered 
spheres of 3%. In the centrif ugation technique, 
single spheres are collected using the relative 
difference of sedimentation velocity between singles 
and doublets with centrifugal force. A separated 

10 region with only single spheres can be obtained, 
using partial sedimentation with the centrifuge. This 
is a much more effective and faster method than the 
one using gravitational field (see, P. Ni, P. Dong, 
B. Cheng, X. Li, D. Zhang, "Synthetic Si02 opals' 7 , 

15 Adv. Mater, vol. 13, pp. 437-441, Mar. 2001). Using 
these methods, high quality silica spheres can be 
obtained such as those shown in Figure 3 having a 
greatly reduced number of adhered or aggregate 
spheres of only 0.3 %. 

20 Once the high quality silica spheres are 

obtained, they can be used to prepare opal 
structures. These silica spheres are put in a 
colloidal suspension with a controlled volume 
fraction in ethanol and used to coat a Silicon 

25 substrate. A coating method using a capillary force 
at the meniscus of the liquid is used in which the 
convection of the colloidal suspension by heating is 
employed to avoid the sedimentation of silica 
spheres. (See, Y.A. Vlasov, X.-Z. Bo, J.C. Sturm, 
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D.J. Norris, "On-chip natural assembly of silicon 
photonic bandgap crystals' 7 , Nature, vol. 414, pp. 
289-293, Nov., 2001 and P. Jiang, J.F. Bertone, K.S. 
Hwang, V.L. Colvin, "Single-crystal colloidal 
5 multilayers of controlled thickness", Chem. Mater., 
vol. 11, pp. 2132-2140, 1999.) In this method, the 
Silicon substrate is slowly removed from the 
colloidal suspension while the suspension is heated. 
As the substrate is drawn through the meniscus of the 

10 liquid, silica spheres are deposited on the substrate 
in a three-dimensional crystal matrix. However, if 
the substrate is drawn out at an angle which is 
generally perpendicular to the plane of the liquid, 
the deposition of silica spheres across the substrate 

15 is nonuniform. It is believed that this is due to the 
increasing concentration of silica spheres in «the 
colloidal suspension as the ethanol evaporates. 

With the present invention, the Silicon, 
substrate is placed at an angle as it is removed from 

20 the colloidal suspension through the meniscus. In a 
preferred embodiment, the angle is a declination at 
60° measured relative to the plane of the substrate. 
However, an optimal angle can be selected as desired 
and may range between about 55° and about 65°. In one 

25 specific embodiment, an evaporation temperature of 
60°C is used and a declined substrate angle in the 
colloidal suspension of 60° is provided. This 
configuration provides a very uniform crystal opal on 
a 1cm by 3cm Silicon substrate. This is illustrated 
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in Figures 4, 5 and 6 which are, respectively, a top 
view of an opal with hexagonal closely packed lattice 
structure, a cross-sectional view of one sample 
substrate with six layers and a cross-sectional view 
5 of another sample substrate with thirteen layers of 
spheres. The thickness of the opals can be controlled 
by varying the concentration of silica spheres in the 
colloidal suspensions . 

Using a Fourier transform infrared (FTIR) 

10 spectrometer with white light source, the reflectance 
spectrum of opals can be measured at various angles 
of incident light (0i) . Figure 7 is a graph of 
wavelength A 0 versus incident angle and shows the 
measured and calculated positions of the maximum peak 

15 (A 0 ) of the reflectance spectra, which represent the 
photonic stop-band behavior, depending upon incident 
angle. The calculated wavelengths of maximum 
reflectance peak can be estimated by following 
equations, which combines Bragg' s and Snell's laws 

20 (see, D.W. McComb, B.M. Treble, C.J. Smith, R.M. De 
La Rue and N. P. Johnson, "Synthesis and 
characterization of photonic crystals", J. Mater. 
Chem., vol. 11, pp. 142-148, 2001 and C.F. Blanford, 
R.C. Schroden, M. . Al-Daous, A. Stein, "Tuning 

25 solvent-dependent color changes of three- 
dimensionally ordered macroporous (3DOM) materials 
through compositional and geometric modifications", 
Adv. Mater., vol. 13, pp. 26-29, Jan., 2001): 
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t*=^ft-«l«n 2 9, EQ. 2 



"eff =fasl02 + (WKir EQ. 3 

5 where d h ki= JlDlS is the inter-planar spacing for 
(111) planes, D is the silica sphere diameter, m B is 
the order of the Bragg reflection, 6i is the Bragg 
angle measured from the normal to the planes, n e ff is 
the effective refractive index, 0=0.74 is the volume 

10 fraction of silica spheres in the opals and n si0 2 = 1 . 447 
and n air =1.0 are the refractive index of silica and 
air, respectively. 

Figure 8 is a graph of reflectance versus 
wavelength for two samples having six and eight 

15 layers and Figure 9 is a graph of reflectance versus 
wavelength for a sample having 12 layers at 9i=0° 
where A pq represents the wavelength of sample number p 
and the q th reflectance peak. The average diameters of 
the spheres are shown below at Table 1. Based on the 

20 interference phase condition (2kT-2m;r, where 

k=2^n e ff/X can be calculated by the equation: 

2n eJf T 2n eff Nd hkl 

A = = EQ. 4 

m m 

where N is the number of layers. In the calculations 
25 of wavelengths of q th peak, arbitrary positive 
integers are used in m and N. The theoretical and 
experimental wavelengths of q th peak are compared in 
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the- Table 1. Using the SEM cross section images of 
samples, such as shown in Figures 5 and 6, it is 
possible to compare the calculated and measured 
number of layers to ensure that they are in good 
5 agreement. 

Table 1. Characterization results of the wavelengths 
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TABLE 1 



The present invention includes the self 
25 assembly of colloidal opals and inverse opal photonic 
bandgap structures and their use in the creation of a 
waveguide defect within the structures. A colloidal 
opal having a pseudo stop-band in a waveguide buried 
within is also provided by the present invention. The 
30 waveguides can be formed in a variety of different 
materials and are preferably designed to provide a 
single mode of operation with normal waveguiding and 
some additional loss due to the presence of the 
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surrounding opal. At the pseudo stop-band wavelength, 
the structures become highly confined and may become 
multimode. These high confinement waveguides at the 
pseudo stop-band can be used as narrow band filters. 
5 For waveguides doped with Erbium and optically 
pumped, the structure perform as an amplifier with 
improved performance at the stop-band. However, the 
possibility of higher amplified spontaneous emission 
noise will remain and will improve at the stop-band. 
10 Er doped waveguides with etched gratings at both ends 
can be optically pumped and will operate as lasers. 
These structures are more efficient at the pseudo 
stop-band. 

It is believed that an inverse opal with a 
15 defect in the form of a waveguide can obtain pass and 
stop-bands* and will allow highly efficient filters to 
be developed. A defect in the form of a rare earth 
doped waveguide in this PBG, with etched gratings at 
both ends, acts as a low threshold photonic bandgap 
20 waveguide laser when optically pumped since at the 
stop-band the spontaneous emission from the inverted 
rare-earth carries does not escape from the 
waveguide. Since the PBG prevents the spontaneous 
emission from escaping, this structure also becomes a 
25 highly efficient wide band Amplified Spontaneous 
Emission (ASE) source. While low transparency 
amplifiers are also ■ possible, however, the high level 
of amplified spontaneous emission may degrade 
performance. These inverse opals with air or low 
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dielectric holes and the filling of generally high 
index material including semiconductors (see, D. J. 
Norris, Y. A. Vlasov, Chemical Approaches to Three- 
Dimensional Semiconductor Photonic Crystals, Advanced 
5 Materials, Vol. 13, Issue 6, pp. 371-376, 2001) have 
these buried waveguide defects. As indicated above, 
the contrast ratio needs to exceed 2.8 between the 
filling and the spheres/holes to obtain stop-bands. 

Figure 10A is a cross-sectional 

10 diagrammatical view of an opal structure 10 carried 
on a Silicon substrate 12 including a buried 
waveguide 14. Figure 10B shows an inverse opal 
structure 20 on a Silicon substrate 22 .carrying a 
buried waveguide 24 therein. The silica opal and the 

15 Silicon inverse opal structures can be designed using 

simulations, for example based upon published codes * 
(see, S. G. Johson, J. D. Joanopoulos, Block 
iterative frequency domain method for Maxwell's 
equations in a plane wave basis, Opt. Express, Vol. 

20 8, 173-190, 2001 and P. M. Bell, J. M. Pendry, I. 
Martin-Moreno, A. J. Ward, A program for calculating 
photonic band structures and transmission 
coefficients of complex structures, comput. Phys . 
commun., Vol. 85, pp. 306-322, 1995) or by using 

25 commercial software such as Fullwave Finite 
Difference Time Domain (FFDTD) available from Rsoft. 

As discussed above, high quality crystal 
opals must be formed using spheres having a required 
diameter and narrow size distribution. The diameter 
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determines the wavelength of the photonic bandgap (or 
the maximum reflectance peak on the optical 
spectrum) . Aggregations and adhesions between the 
spheres should be avoided as they introduce 
5 structural defects and dislocations into the final 
crystal- As discussed above, a tetraethyl 
orthosilicate (TEOS) method is used as suggested by 
Stober (see, W. Stober, A. Fink, Controlled growth of 
monodispersed silica spheres in the micron size 

10 range, J. Colloid. Interface Sci., vol. 26, pp. 62, 
1968) and now called the Stober process, with 
modifications as outlined in (G.H. Bogush, M.A. 
Tracy, C.F. Zukoski IV, Preparation of monodisperse 
silica particles: Control of size and mass fraction, 

15 J. Non-Crystalline Solids, vol. 104, pp. 95-106, 
1988, S. L. Chen, P. Pong-, G. H. Yang, J. J. Yang, 
Characteristic aspects of formation of new particles 
during growth of monosize silica seeds, J. Colloid. 
Interface Sci., vol. 180, pp. 237-241, 1996, and D. 

20 W. McComb, B. M. Treble, C. J. Smith, R. M . De La 
Rue, N. P. Johnson, Synthesis and characterization of 
photonic crystals, J. Mater. Chem. , Vol. 11, pp. 142- 
148, 2001) . The technique involves the mixing of two 
mother liquors of TEOS-ethanol and ammonia-water- 

25 ethanol and generally leads to spheres in the range 
of 300 nm to 450 nm diameter, depending on various 
factors. In one trial, a sphere size of about 350 nm 
was obtained. A modified seeding technique can also 
be used as discussed in Chen's paper (S. L. Chen, P. 
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Pong, G. H. Yang, J. J. Yang, Characteristic aspects 
of formation of new particles during growth of 
monosize silica seeds, J. Colloid. Interface Sci., 
vol. 180, pp. 237-241, 1996). In this technique, the 
5 seeds are first synthesized by the modified Stober 
method (see, J. G. Fleming, S-Y. Lin, Three 
dimensional photonic crystal with a stop-band from 
1.35 to 1.95um, Optics Lett., vol. 24, pp. 49-51, 
1999 and Special Section on Electromagnetic Crystal 

10 Structures, Design, Synthesis, and Applications, 
Journal of Lightwave Technology, Vol. 17, pp. 1931- 
2207, 1999), using hydrolysis and condensation of 
tetraethylorthosilicate (TEOS, 0.2 M) and water (6.0 
M) catalyzed by ammonia (1.8 M) in ethanol solutions 

15 under constant agitation and with a magnetic stirrer 
and reaction temperature of 20° plus or minus 0.2°C. 
After preparation, TEOS additions (initially 0.2 M) 
were repeated under the same reaction condition and 
constant intervals (4 hrs) . The sphere diameter is 

20 set forth above at Equation 1. Separation techniques 
can be employed as discussed above to reduce the 
number of adhered spheres. 

The silica opal should be fabricated with 
very few crystal defects, especially stacking faults, 

25 as discussed in (D. J. Norris, Y. A. Vlasov, Chemical 
Approaches to Three-Dimensional Semiconductor 
Photonic Crystals, Advanced Materials, Vol. 13, Issue 
6, pp. 371-376, 2001) . Opals with other spheres may 
also be fabricated using this technique. Although a 
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Silicon substrate is discussed herein, any 
appropriate material can be used. 

A silica colloidal opal structure can be 
obtained when a suspension of the mono-dispersed 
5 silica spheres are allowed to settle on the Silicon 
substrate. A meniscus method can be used as discussed 
above to reduce crystalline defects. The declination 
configuration discussed above can be used to increase 
the uniformity of the crystal. . 

10 In one aspect, the present invention 

includes an optical waveguide carried within an opal 
structure, either opal or inverse opal. Any 
appropriate technique can be used to obtain such a 
buried waveguide. However, in a first example method, 

15 as illustrated in Figure 11 an optical waveguide 50 
is supported on a silica rib 52 carried on the 
Silicon substrate 54. The waveguide can be any 
desired structure such as Erbium doped silicon. The 
supporting structure 52 can be an elongated rib or 

20 can comprise one or more spaced apart pillars. These 
can be formed using any appropriate technique such as 
using deposition and masking techniques to form the 
desired supporting structure. Similarly, any desired 
appropriate technique can be used to deposit the 

25 waveguide 50. Around the waveguide, the colloidal 
opal is deposited using, for example, the techniques 
discussed above. Figure 12 is an SEM image showing a 
cleaved opal structure having a waveguide buried 
therein. The guide provides a pseudo stop-band and 
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can be designed to remain single or multimode as 
desired. Surprisingly, the top surface of the opal is 
substantially planar and does not include substantial 
protrusions despite the introduction of the buried 
5 waveguide. If an active guide is used, Erbium or 
other materials can be doped into the guides during 
deposition, or alternatively through implantation. 
The presence of Erbium can be used in the fabrication 
of high gain lasers because some of the spontaneous 

10 emission at the stop-band wavelengths will be coupled 
back into the guide. It is expected that this 
increase is more dramatic in an inverse opal 
structure. Reflectors can be placed at either end of 
the doped guides and pumped at the appropriate 

15 wavelength, for example 1480nm, to provide a very low 
threshold laser. 

The waveguide can also be used in an 
inverse opal structure. To form an inverse opal 
structure, the first step is to fill the interstitial 

20 spaces between the sphere of the previously 
fabricated opal structure. For example, Low Pressure 
Chemical Vapor Deposition (LPCVD) amorphous silicon 
can be used to fill the voids. A colloidal template 
will emerge from the LPCVD silicon deposition, 

25 covered with a thin layer of silicon. This thin layer 
of silicon must be etched to expose the underlying 
silica spheres. The spheres can then be removed by 
dissolution using dilute or buffered HF. It has been 
suggested that the deposition of silicon is best done 
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at a slightly lower temperature of 550°C so that 
complete penetration into the voids will occur. (See, 
Y.A. Vlasov, X.-Z. Bo, J.C. Sturm, D.J. Norris, On- 
chip natural assembly of silicon photonic bandgap 
5 crystals, Nature, vol. 414, pp. 289-293, Nov., 2001). 

Waveguides formed of a material having a 
dissolution rate in HF which is much lower than 
silica can be used. For example, LPCVD low stress 
nitride or nitride can be used. Alternatively, guides 

10 which dissolve, such as silica guides, can be used to 
leave an air guide with protruding sphere surfaces. 
This is likely to make the guides relative lossy. 
However, if the silica guide is coated with nitride 
of sufficient thickness on all sides, then the Si0 2 

15 guide will remain after removal of the silica 
spheres. The index /of the inverse opal is estimated 
as 1.63, due to the fact that the air holes comprise 
of about 0.74 of the structure, and the remainder is 
Silicon. 

20 Figures 13A-E illustrate another example 

configuration for forming the buried waveguide. As 
shown in Figure 13A, a substrate 70 carries a number 
of layers of opals 72. In Figure 13B, the opal is 
filled with an inverse opal filling material. As 

25 illustrated in Figure 13C, material to form a 
waveguide 74 is deposited and patterned on the 
structure. The waveguide on the filled opal is 
covered with another layer of opal 76 which is 
subsequently filled as illustrated in Figure 13D. As 
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illustrated in Figure 13E, the opal is etched leaving 
an inverse opal structure 78. The waveguide can then 
act as a filter at the stop-bands of the inverse 
opal. As discussed above, the guide can be doped with 
5 a rare earth material, such as Erbium or other 
elements, to provide lasers, optical amplifiers, 
optical spontaneous emission sources, or other 
devices . 

Although the present invention has been 
10 described with reference to preferred embodiments, 
workers skilled in the art will recognize that 
changes may be made in form and detail without 
departing from the spirit and scope of the invention. 



